Gordon, T., N. Tyreman, V. F. Rafuse, and J. B. Munson. Fast-on our current understanding of muscle function (Burke to-slow conversion following chronic low-frequency activation of 1981; Henneman and Mendell 1981; Vrbova et al. 1995) . medial gastrocnemius muscle in cats. I. Muscle and motor unit The slow and fast muscle fibers first distinguished by differproperties. J. Neurophysiol. 77: 2585Neurophysiol. 77: -2604Neurophysiol. 77: , 1997. This study of ent pH sensitivities of mATPase (Engel 1962) have more cat medial gastrocnemius (MG) muscle and motor unit (MU) recently been subdivided into four types on the basis of properties tests the hypothesis that the normal ranges of MU con-constituent myosin heavy chain isoforms and oxidativetractile force, endurance, and speed are directly associated with glycolytic potential (Pette and Staron 1990). Muscle fiber the amount of neuromuscular activity normally experienced by classification corresponds well with physiological subdivieach MU. We synchronously activated all MUs in the MG muscle sions of MU types (Burke et al. 1973 ; Totosy de Zepetnek with the same activity (20 Hz in a 50% duty cycle) and asked whether conversion of whole muscle contractile properties is asso-et al. 1992b). Nevertheless, muscle fibers and MUs form a ciated with loss of the normal heterogeneity in MU properties. continuum with respect to any one property. For example, Chronically implanted cuff electrodes on the nerve to MG muscle MUs form a continuum with respect to either contractile were used for 24-h/day stimulation and for monitoring progressive force or speed (Henneman and Mendell 1981) . Motoneurons changes in contractile force, endurance, and speed by periodic have also been subclassified on the basis of characteristic recording of maximal isometric twitch and tetanic contractions groupings of different membrane electrical properties under halothane anesthesia. Chronic low-frequency stimulation (Zengel et al. 1985) .
glycolytic potential (Pette and Staron 1990) . Muscle fiber the amount of neuromuscular activity normally experienced by classification corresponds well with physiological subdivieach MU. We synchronously activated all MUs in the MG muscle sions of MU types (Burke et al. 1973 ; Totosy de Zepetnek with the same activity (20 Hz in a 50% duty cycle) and asked whether conversion of whole muscle contractile properties is asso-et al. 1992b). Nevertheless, muscle fibers and MUs form a ciated with loss of the normal heterogeneity in MU properties. continuum with respect to any one property. For example, Chronically implanted cuff electrodes on the nerve to MG muscle MUs form a continuum with respect to either contractile were used for 24-h/day stimulation and for monitoring progressive force or speed (Henneman and Mendell 1981) . Motoneurons changes in contractile force, endurance, and speed by periodic have also been subclassified on the basis of characteristic recording of maximal isometric twitch and tetanic contractions groupings of different membrane electrical properties under halothane anesthesia. Chronic low-frequency stimulation (Zengel et al. 1985) .
slowed muscle contractions and made them weaker, and increased Irrespective of whether MU properties are considered as muscle endurance. The most rapid and least variable response to stimulation was a decline in force output of the muscle and constit-a continuum or as different subgroups, motoneurons and uent MUs. Fatigue resistance increased more slowly, whereas the their muscle fibers are remarkably well matched for function. increase in time to peak force varied most widely between animals The inverse correlation between motoneuron excitability and and occurred with a longer time course than either force or endur-MU force underlies the rank order of recruitment that allows ance. Changes in contractile force, endurance, and speed of the for smooth gradation of force (Henneman and Mendell whole MG muscle accurately reflected changes in the properties 1981). The relationship between afterhyperpolarization duof the constituent MUs both in extent and time course. Normally ration of the motoneurons' action potential and MU contracthere is a 100-fold range in tetanic force and a 10-fold range tile speed is the basis for the gradation of MU force by the in fatigue indexes and twitch time to peak force. After chronic firing rate of motoneurons (Kernell 1992) . The relationships stimulation, the range in these properties was significantly reduced and, even in MU samples from single animals, the range was shown between motoneuron excitability and firing patterns, MU to correspond with the slow (type S) MUs of the normal MG. In force, and fatigability underlie the ability of most muscles no case was the range reduced to less than the type S range. The to sustain low forces without fatigue and to develop maximal same results were obtained when the same chronic stimulation forces for only short periods of time (Kernell 1992) .
pattern of 20 Hz/50% duty cycle was imposed on paralyzed musThe normal matching of motoneuron and muscle propercles after hemisection and unilateral deafferentation. The findings ties is initially lost after self-or cross-reinnervation, primarthat the properties of MUs still varied within the normal range of ily because regenerating nerves do not reinnervate their fortype S MUs and were still heterogeneous despite a decline in the mer muscle fibers. However, with time, the matching bevariance in any one property indicate that the neuromuscular activity can account only in part for the wide range of muscle properties. tween motoneuron and muscle properties is reestablished It is concluded that the normal range of properties within MU types (Foehring et al. 1986a,b; Gordon and Stein 1982a,b ; Gordon reflects an intrinsic regulation of properties in the multinucleated et al. 1986, 1988) . Because reinnervated MU muscle fibers muscle fibers.
are initially heterogeneous in composition and mismatched to their innervating motor nerve, the rematching involves considerable adaptation within the MU.
I N T R O D U C T I O N
The coordinated properties of muscle fibers and their motoneurons in normal and reinnervated muscles raise the quesAlthough phenotypic differences between mammalian tion of their determination. With respect to muscle properslow-and fast-twitch skeletal muscles were recognized more ties, two explanations were originally offered by Buller et than a hundred years ago (Grutzner 1884; Ranvier 1874 Ranvier ), al. (1960 to explain their findings of fast-to-slow and slowelucidation of the striking heterogeneity of muscle fibers and motor units (MUs) within muscles has had a major impact to-fast conversion of muscle properties after cross-reinnerva-tion. The first was that different nerves exert trophic influ-with time of chronic stimulation. The same properties were studied at the MU level at different endpoints. We chose to ences on muscle fibers and the second was that reinnervated muscle fibers respond to the novel activation by the foreign study the cat medial gastrocnemius (MG) muscle because there is a relatively high number of type S MUs (25%; Burke innervation. Findings that chronic stimulation of fast-twitch muscles with low-frequency tonic stimulation mimics the et al. 1973) , which permits the comparison of chronically stimulated MU properties with those of type S MUs in the effects of cross-reinnervation of fast muscles favored the second explanation (Ausoni et al. 1990 ; Salmons and Sreter same muscle. In addition, MG is one of three synergistic muscles of the triceps surae in which soleus muscle is com-1976; Salmons and Vrbova 1969). The low-frequency pattern was chosen as typical of the firing patterns of the slow posed only of type S MUs and lateral gastrocnemius is composed primarily of type F MUs (85-95%; Foehring et al. postural soleus muscle. Indeed, the extensive phenotypic changes described in chronically stimulated muscles which 1987; Gordon et al. 1986 . Thus comparisons can be made between experimental stimulated MG and its synerinclude conversion of contractile, regulatory, and sarcoplasmic reticular proteins to slow isoforms, upregulation of oxi-gistic unstimulated slow-and fast-twitch muscles in the same animals (see Munson et al. 1997 ). dative enzymes, and concurrent downregulation of glycolytic enzymes, are consistent with this explanation (Pette and Our findings show that changes in muscle properties accurately reflect changes in MU properties after chronic stimulaVrbova 1992; Vrbova et al. 1995) . However, these experiments did not fully consider the normal heterogeneity of tion with restriction of MU properties to one class of MUs.
However, all MUs that experience the same stimulation promuscles and the range in properties of their constituent MUs.
In experiments designed to evaluate the match of stimula-tocol do not acquire homogeneity with respect to physiological properties. Some of these data have been published in tion frequency and twitch contraction speed, Eerbeek et al. (1984) observed to their surprise that, irrespective of fre-abstract form (Pattullo et al. 1992; Rafuse et al. 1991) or summarized briefly in recent reviews (Gordon 1995 ; Gordon quency, chronically stimulated cat peroneus longus muscles became slowly contracting if the muscles were active for and Mao 1994; Gordon et al. 1993 ). 50% of each day. Because the normal order of recruitment of MUs is associated with a progressive decline in the total M E T H O D S daily neuromuscular activity from the smallest and most Surgery, electrodes, and chronic stimulation endurant slow (type S) MUs to the largest and most fatigable fast (type F) MUs, the authors reasoned that the normal Nerve cuff electrodes were implanted bilaterally in 14 adult cats range of MU properties and the four MU types are closely (3-4 kg body wt) for chronic stimulation of the MG muscle nerve correlated with the neuromuscular activity that the MUs nor-and monitoring of muscle properties. In 4 of the 14 animals, the MG muscle to be stimulated was paralyzed by hemisection of the mally experience (see Kernell 1992) . In support of this sugspinal cord at T 13 and unilateral deafferentation (L 2 -S 2 ) at the gestion, the authors observed that the chronically stimulated time of nerve cuff implantation. In seven other cats, intramuscular muscles exhibited the same contractile properties as type F (IM) wire electrodes were used for chronic stimulation to control fatigue-resistant (FR) MUs when they were activated for for any possible damage inflicted by the nerve cuff electrodes. 5% of each day and the properties of fast-fatigable (FF) These wire electrodes were implanted bilaterally on either side of MUs when activation was 0.5% (Kernell et al. 1987a,b) . the nerve as it enters the MG muscle for chronic stimulation. A Although these findings were not verified at the single-MU portable, lightweight (80 g), locally made stimulator was carried level, the observation that the muscles that exhibited the on the back of the cat on a specially fabricated basket. The basket contractile properties of type S MUs contained only slow was secured through the musculature immediately in front of and oxidative muscle fibers provided supporting evidence behind the L 7 spinal process with two Prolene sutures (Kernell et al. 1987a,b) . (Donselaar et al. 1987) .
Nerve cuff and IM wire electrodes were manufactured in the laboraWe carried out the present study to obtain the missing MU tory. For the nerve cuff electrodes, 5-10 mm of multistranded staindata to test the idea that the normal range of MU properties is less steel wire was stripped of insulation and divided into equal numclosely correlated with neuromuscular activity and to address bers of strands to form two semicircles in a 4-mm-diam, 12-mm-long several predictions of the hypothesis. First, given sufficient silastic cuff. Three wires were sewn into the cuff at a distance of 2 time and stimulation to cause complete muscle conversion, mm from each other and held in place with medical-grade silastic. all MUs in the muscle should become homogeneous in their Cuff electrodes were implanted under pentobarbital sodium anesthesia properties as one MU type, depending on the amount of (30 mg/kg ip) with the use of sterile conditions. The nerve cuff stimulation. Moreover, if MU activity is the primary factor was closed with three 6-0 silk sutures. The insulated wires were led determining muscle properties, all MUs that experience the subcutaneously to the back of the animal where they were secured on a nylon dacron sheet before being externalized via four small skin same synchronous activation should be the same with respect incisions on either side of the L 7 spinal process. The wires were to any one property and they should not show the variation soldered externally to a plug that was used to connect the internal typically seen within each MU type. Second, the time course electrodes to the portable stimulator held securely in the basket and extent of conversion of whole muscle contractile propermounted on the cat's back ( Fig. 1 ; Kernell et al. 1987a,b) . Two of ties by chronic stimulation should directly reflect conversion the three electrodes were used to stimulate the MG nerve in a bipolar of the constituent MUs to a uniform MU type. Finally, the configuration. time course of conversion of contractile properties should For implantation of the IM wire electrodes on either side of the FIG . 1. Diagrammatic representation of the indwelling cuff electrodes around the medial gastrocnemius (MG) nerve for chronic stimulation of MG motor units (MUs) and monitoring of progressive changes in MG muscle properties. The cuff electrodes were externalized via the skin overlying the lumbosacral cord and attached to an external stimulator that was mounted in a hexelite basket for 24-h stimulation in the awake cat. To monitor the changes in MG muscle properties, the cat was anesthetized with halothane and force or torque of ankle extension was recorded in response to supramaximal nerve stimulation. The knee joint was stabilized between 2 fixed support posts. The foot was coupled to a strain gauge via a boot that was free to rotate about a line coaxial with the ankle joint. The ankle was rotated to a fixed point at which nerve stimulation evoked maximum twitch and tetanic forces. (For further details, see text.) slowly, the wire hook was anchored into the muscle. The efficacy attached to the experimenters during the months of stimulation as a result of the frequent handling during the regular changing of of the electrodes at stimulating the MG muscle was checked during surgery to ensure optimum placement. Two of the three electrodes batteries and chronic muscle force recordings. were used for stimulation. The 9-V lithium-powered portable stimulator was designed to produce a balanced biphasic 3-V stimulating Chronic muscle recordings pulse. The duration of the pulse was varied (10-100 ms) to stimulate the motor axons maximally for a period of 3 days, after which Strength, speed, and fatigability of MG muscle contraction were the battery was replaced. To set the stimulus duration, the cat was assessed at intervals of Ç1 wk. This was accomplished in the anesthetized with halothane and the foot was placed into a special halothane-anesthetized cats by recording the force or torque of boot as described below and in Fig. 1 . The stimulus duration was ankle extension in response to supramaximal stimulation of the increased until maximal tetanic forces were evoked at the desired MG muscle nerve as described previously (Davis et al. 1978 ; Gorstimulation frequencies of either 20 or 100 Hz.
don and Stein 1982a). Briefly, the MG nerve was stimulated at 2 Chronic electrical stimulation at 20 or 100 Hz in a 50% duty times threshold and ankle extensor torque was measured with the cycle (2.5-s trains every 5 s, 24 h/day) or in a 5-6.3% duty cycle use of a specially designed boot to secure the foot and to couple (0.25-s trains every 5 s, 24 h/day or 2.5-s trains every 5 s, 3 it to an FT10 Grass strain gauge. The length of the muscle was h/day, block times of 24 and 3 h, respectively, see Kernell et al. adjusted for maximal force by rotating the ankle about a line coax1987b) via the cuff or wire electrodes commenced within 1 mo of ial with the ankle joint to the appropriate angle and fixing the knee electrode implantation, allowing time for recovery from effects of with a support (Fig. 1) . Evoked electromyogram responses were surgery. The cats were housed in large cages with fleecy linings. also monitored with the use of an implanted bipolar electromyoCats fed and drank normally and were not perturbed by the stimula-gram pad electrode placed on the surface of the MG muscle (Davis tion. The known sensation of vibration and/or movement evoked et al. 1978) . by stimulation of muscle afferents (Goodwin et al. 1972) did not Chronic recordings were made only in the cats in which nerve cuff electrodes were implanted because the cuff electrodes were appear to disturb the cats. In fact, the cats became increasingly highly selective in stimulation of the MG muscle only. In contrast, 12-15 h period, during which time the whole muscle force did not change by ú5%. In three control animals, type S MUs were the wire electrodes required higher stimulus charge to stimulate the MG nerve, which generally was associated with some current selectively sampled to obtain a good sample of type S MUs to enable comparisons to be made between MU properties of chronispread to the synergistic lateral gastrocnemius muscle (see Popovic et al. 1991) .
cally stimulated muscles and normal type S MUs. We used the criterion of sag to classify the MUs as ''slow'' or MG nerve was stimulated at a frequency of 1 Hz and either single or trains of stimuli used to evoke twitch and tetanic contrac-''fast'' 1) for consistency with the method used in the companion paper in which motoneuron properties were studied (Munson et tions. The following protocol was used: one to five responses were averaged on a PDP 11 computer in response to 1) 1 pulse at 1 Hz al. 1997) and 2) to use a property of the MUs that was not one of the variables that were the object of the investigation and subject to record twitch force, time to peak twitch force (TTP); 2) 2 and 5 pulses at 2-, 5-, 10-, 20-, 50-, and 100-ms intervals to construct to parametric rather than nonparametric change. The latter variables include TTP and fatigability. The alternative classification, which a force-frequency relation; 3) 21, 31, and 41 pulses at 100 Hz to record maximum tetanic force; 4) 1 pulse to measure posttetanic uses TTP of the FF units to delineate the type F from the type S MUs (e.g., Foehring et al. 1986b; , is more potentiation; 5) 800-ms train of pulses at an interval of 1.25 times TTP to determine the presence of ''sag''; and 6) 13 pulses at difficult to apply when both time to peak force and fatigability are changing as a result of the chronic stimulation. When both the sag 25-ms intervals (40 Hz) at 1 Hz for 4 min to calculate a muscle endurance index at 2 and 4 min ). The endur-and TTP criteria are used together, there are many MUs that are ''unclassifiable'' under experimental conditions of plasticity (Gorance index at 2 min was used in all the experiments for direct comparison with the fatigue indexes (FIs) of the MUs. don et al. 1988) .
Acute experiments: muscle and MU recording Muscle histochemistry
Stimulated muscle and MU properties were analyzed in terminal At the end of the experiments, the MG muscles were removed, acute experiments after 37-240 days of chronic stimulation and cut into five sections in the longitudinal axis, secured to corks with compared with MG data from 10 age-matched normal cats. Of the Tissue-Tek mounting media and frozen in frozen isopentane. The 21 experimental animals, ventral root splitting in 11 cats was car-tissue blocks were stored at 070ЊC. Sections (10-15 mm) were ried out at the University of Alberta, Edmonton, to isolate single cut from the middle two blocks. The muscle sections were stained MUs for recording of conduction velocity and contractile proper-for myosin ATPase (pH 4.5 and 10.5), a-glycerophosphate dehyties. In another six cats, microelectrode impalement of MG moto-drogenase, and b-nicotin-amide adenine dinucleotide (NADH) to neurons was carried out at the University of Florida, Gainesville, determine the muscle fiber type composition. Muscle fibers were to record membrane electrical properties simultaneously with MU classified as type I on the basis of acid stability and alkali lability contractile properties (Table 1 , experiments ADA, ADB, ADR, of mATPase, high oxidative and low glycolytic staining. Muscle ADQ, ACY, and ACZ; Munson et al. 1997) . In two of these (Table fibers were classified as type IIa when fibers showed alkali stability. 1, cats ADA, experiment 5, and ACY, experiment 10) ventral root After preincubation at acid pH, the type IIa fibers are lighter than splitting was also carried out to sample a larger number of muscle those classified as type IIb fibers. Type IIa fibers were further units. In four cats, motoneuron properties were recorded without distinguished from type IIb fibers by their high oxidative and glycomuscle and muscle unit properties (Table 1) .
lytic staining in contrast to the low oxidative, high glycolytic enThe technique of ventral root splitting is described in detail zyme staining of the type IIb fibers. The type I/IIa/IIb classificaelsewhere (Rafuse and Gordon 1996; Rafuse et al. 1992a,b) . It tion according to pH sensitivity of mATPase combined with the was used in this study to obtain a large sample of MUs to ade-distinction on the basis of metabolic profile corresponds well with quately represent the MU population for each cat. In brief, the cats the classifications of slow oxidative, fast oxidative glycolytic, and were deeply anesthetized with pentobarbital sodium and the spinal fast glycolytic, and the two classification schemes are used intercord and appropriate leg musculature was exposed surgically. changeably here (Gordon and Pattullo 1993; ; Whole muscle isometric twitch and tetanic forces were recorded Totosy de Zepetnek et al. 1992b) . from stimulated and contralateral unstimulated MG muscles. L 7 and S 1 ventral roots were cut centrally for teasing to stimulate Statistics axons to single MUs in the stimulated MG muscles. Filaments were split until stimulation evoked an all-or-none extracellular action Regression lines were fitted to the data with the use of least-meanpotential recorded on the isolated MG nerve, electromyogram po-squares criteria and the Pearson product-moment correlation coeffitential, and twitch response from the muscle. The filament was cients were calculated. X and Y variables were considered to be correthen stimulated at 2 times threshold to record twitch and tetanic lated if the slopes of the regression lines were significantly different contractions.
from zero with P õ 0.05. The Kolmogorov-Smirnov test was used The following protocol was used: 10-30 responses were aver-to determine whether MU populations were statistically different with aged on a PDP 11 computer in response to 1) 1 pulse at 1 Hz to the use of cumulative frequency distributions. One-way analysis of record twitch force, time to peak force; 2) 21 pulses at 100 Hz to variance (ANOVA) was used to determine statistical significance record maximum tetanic force; 3) 1 pulse to measure posttetanic between mean values. Differences were considered as highly signifipotentiation; 4) 800-ms train of pulses at an interval of 1.25 times cant when P õ 0.01 and significant when P õ 0.05. TTP to determine the presence of sag; and 5) 13 pulses at a 25-ms interval (40 Hz) at 1 Hz for 2 min to calculate an FI at 2 R E S U L T S min (Burke et al. 1973) . At regular intervals the muscle twitch in response to stimulation of MG nerve was monitored.
Chronic recordings of evoked MG muscle force and acute MUs were subdivided into type S and type F on the basis of recordings of MU properties were made in a total of 21 absence and presence of sag during an unfused tetanus. Type F experimental and 10 control cats ( (columns 9-14) . MUs were isolated either by ventral root splitting or by medial gastrocnemius (MG) motoneuron microelectrode impalement and stimulation (N*). The latter experiments are identified by letters and a number. Daily stimulation was administered either via nerve cuff electrodes (N) or intramuscular wire electrodes (IM) in intact cats or in cats in which the MG muscle was paralyzed by spinal hemisection at T 13 and deafferentation (N †). Total duration of stimulation was 24 h/day, with the exception of experiment 20, in which it was 3 h/day. In 2 cats (1 and 21) no acute data were obtained, but chronic recordings of progressive percentages in muscle properties were carried out. Chronic recordings were obtained from all cats in which nerve cuff electrodes were used for stimulation. Concurrent measurements of MU force and muscle fiber cross-sectional area in glycogen-depleted MUs in experiments 3 and 17 are described elsewhere (Rafuse et al. 1997 ). NA, not applicable.
electrode implantation, when stable prestimulation values slow pattern of a staircase increase in force in the chronically stimulated muscle (Fig. 2B ). had been obtained for later comparison with poststimulation values. The cuff electrodes were also used at regular intervals Slowing of the stimulated muscles was confirmed by analysis of force-frequency relationships (Fig. 3) . Short tetanic to evoke twitch and tetanic contractions under halothane anesthesia to monitor progressive changes in muscle proper-pulse trains (2 and 5 pulses delivered at progressively shorter intervals) were used to avoid the complication of fatigue. ties (Fig. 1) . In 4 of the 14 animals, the MG muscle was As shown in Fig. 3 , chronically stimulated muscle twitch inactivated by hemisection and unilateral deafferentation becontractions fused at significantly longer stimulus intervals fore chronic stimulation. In seven cats, MG muscles were (lower stimulus frequencies), consistent with the increase stimulated via IM wire electrodes, which were placed against in TTP. The force-frequency curves were shifted to the left the MG nerve as it enters the muscle to control for any by stimulation: the shift was evident for two pulses (Fig.  damage inflicted on the nerves by the cuff electrodes. Four 3C) but was more dramatic for short tetanic trains of five to 57 MUs were sampled in a final acute experiment in 18 pulses (Fig. 3F ). animals.
Concurrent with changes in contractile force and speed, muscle endurance increased. Before daily low-frequency stimulaChronic muscle stimulation and isometric force recordings tion, the whole MG muscle showed a characteristic pattern of in intact cats fatigue during a Burke fatigue test: tetanic contractions in reTypical recordings of ankle extensor force are shown in sponse to one-per-second, 40-Hz stimulus trains fatigued within Fig. 2 for one cat (Table 1 , cat 10) to illustrate the changes the 1st minute to reach a steady level of 11% of initial values in amplitude and time course of chronically stimulated MG at 2 min (Fig. 4A) . This was associated with a dramatic slowmuscles (24-h/day, 20-Hz stimulation in a 50% duty cycle). ing of relaxation rate (Fig. 4D ) and a resulting tendency for Absolute forces of twitch and tetanic contractions were re-the smaller-amplitude tetanic contractions to fuse. Within 3 wk duced by 50% 76 days after commencement of stimulation; of chronic stimulation, the muscle demonstrated more endurrates of rise and fall of twitch force were slower (Fig. 2, A ance: tetanic force did not fall precipitously during the 4-min and C). The typical sag of the unfused tetanus of the normal fatigue test and relaxation rate was less affected by repetitive tetanization (Fig. 4, B in tetanic force or relaxation rate was seen 78 days after daily was the decline in muscle force, which was well fitted by a single exponential with a time constant of 12.5 days (Fig.  stimulation (Fig. 4, C and F) .
Comparison of changes in endurance, twitch TTP, and 5C). The increase in muscle endurance and TTP occurred more slowly. The endurance index increased exponentially tetanic force over time for individual animals and collated data from all animals showed that decline in muscle force to a maximum of 1.1 with a time constant of 42 days (Fig.  5A ) and the TTP increased to a maximum of 82 ms with a was the most rapid change, endurance and TTP increased more slowly, and contractile speed showed the most variabil-time constant of 49 days (Fig. 5B) . ity between animals (Fig. 5) . Regression lines fitted to the data showed that the changes were complete within 100 days Muscle and MU properties in stimulated muscles: acute of daily low-frequency stimulation. The large variability in recording endurance and TTP reflected variability between animals rather than within muscles, as shown by the example plotted Muscle and MU properties were studied at different time points after initiation of chronic stimulation. Acute recording with the use of filled circles in Fig. 5 Fig. 2 . Isometric force was elicited by 2 (A-C) and 5 (D-F) stimulus pulses at progressively longer interpulse intervals in MG muscles before ( A and D) and 76 days after (B and E) initiation of chronic stimulation. The slowing of the contraction times of the chronically stimulated muscles was accompanied by a shift of the force-frequency curves to the left to lower frequencies ( C and F).
of these properties was undertaken to determine whether the (Fig. 6, A and B) corresponded well with the chronic measurements (Fig. 5) . Comparison of the contractions of the magnitude and time course of fast-to-slow conversion of muscle contractile properties accurately reflects a corre-stimulated MG and normal soleus muscles in the same limb showed that stimulated MG muscles became as slowly consponding alteration in the MU population of the stimulated muscles, as suggested by the work of Kernell and colleagues tracting as the normal slow soleus muscle. For muscles that were stimulated for ú100 days (long-term stimulation), the (Eerbeek et al. 1984; Kernell et al. 1987a,b) .
The time course and extent of changes in whole muscle mean TTP of 96. (B and E) and 78 days (C and F) after stimulation had commenced. For the fatigue test, the muscle was stimulated at 40 Hz for 330 ms/s for 4 min. Normally, the amplitude of the tetani declines and a contracture develops ( A) because relaxation rate declines with fatigue as shown for tetani at 0, 1, and 2 min of the fatigue test in D. Twenty-one days after stimulation, the tetanic force was better maintained ( B) and the relaxation rate declined less (E). Seventy-eight days after chronic stimulation, tetanic force was well maintained ( C) during the duration of the test with little change in the amplitude or rate of relaxation of the tetani ( F).
tions were not significantly different from the corresponding whole muscle twitch force and TTP. This variability was also reflected in the variable increase in the proportion of mean values of 110 { 9.2 ms and 78.8 { 5.1 ms in the unstimulated soleus muscles (ANOVA, P ú 0.05). For peri-type S MUs in the stimulated muscles as defined by their absence of sag during unfused tetanic contractions (Fig.  ods of stimulation of 100 days (short-term stimulation), the slow-to-fast conversion was more variable ( Fig. 6 ; see also 6 F). Normally 20-25% of MG MUs are non-sagging type S MUs (Burke et al. 1973; Foehring et al. 1986a ,b; Gordon Table 1 and Fig. 1 in Munson et al. 1997 Munson et al. ). et al. 1988 ). In the control animals in which type S MUs were preferentially sampled (ú40%) and the animals in Variability in fast-to-slow conversion which MG muscles were stimulated, there was a weak correChanges in whole muscle properties recorded chronically spondence between the proportion of non-sagging MUs and (Fig. 5 ) and in the final acute experiment (Fig. 6, A and B) MU TTP (Fig. 6, D and F) . accurately reflected changes in mean values of the same The average MU FI increased to the maximum in shortparameters in the constituent MUs (Fig. 6, C and D) . The term stimulated muscles (100 days), in contrast to the less similarities were particularly striking during the first 100 complete slowing of the MU twitches (Fig. 6, D and E) . These days, when the same variability in mean MU twitch force results also suggest that endurance increases more rapidly than the slowing of the stimulated muscle and MU contractions. and TTP was observed between cats as the variability in (B) , and isometric tetanic force (C), which were recorded chronically at regular intervals from 10 different MG muscles (nerve cuff animals in Table 1 ), plotted as a function of duration of daily chronic low-frequency, high-duration electrical stimulation (20 Hz in a 50% duty cycle). The increase in endurance and TTP and the decline in tetanic force were fitted with single-exponential curves. Asymptotic values were 1.1 (A), 82 ms (B) , and 0.40 (C), and time constants (time to reach 33% of asymptotic values) were 42 days (A), 49 days (B) , and 13 days (C). The curves fitted to all the data provide a reasonable fit to the data obtained from a single MG muscle (cat 17), shown with the use of filled circles. Comparison of the filled and open circles indicates that the variability, particularly in the time course of the twitch contraction (B) , is due to interanimal variability rather than intra-animal variation in recordings.
Some of the variability between animals in the first 100 cle fibers to type I fibers in the cuff-stimulated muscles (Table  2 ). In addition, muscle and MU forces were significantly days of stimulation could be attributed to the two different methods of stimulation, namely via nerve cuff and IM wire lower in the cuff-stimulated muscles (twitch force 23 { 3 mN vs. 33 { 3 mN, tetanic forces 122 { 14 mN vs. 178 { electrodes (Figs. 6 and 7) . Neither the mean values nor the cumulative distributions of TTP and FIs in cuff-and IM-10 mN in cuff-stimulated and IM-stimulated muscles, respectively). These data indicate that IM stimulation was as effecstimulated MUs were statistically different (ANOVA and Kolmogorov-Smirnov test, P ú 0.05; Fig. 7) . However, there tive as cuff stimulation in increasing fatigue resistance of the MUs and oxidative potential of the muscle fibers but that cuff were significantly more non-sagging type S MUs in the cuffstimulated muscles (85%) compared with IM-stimulated mus-stimulation was more effective in fast-to-slow conversion (see Table 2 ). For periods of stimulation ú100 days, the data from cles (60%) despite the equal effectiveness of cuff and IM electrodes at increasing fatigue resistance (Fig. 7) . This was the cuff-and IM-stimulated muscles were not statistically different; data are collated in As shown in Fig. 8 , muscle fibers demonstrate an unusual all the stimulated muscles in which there was complete fiber acid-and alkali-labile mATPase during the transition period. type II to I conversion. The data are displayed as cumulative This corresponds to the observations at the single-fiber level sum histograms to compare the distribution of all the MUs of coexistence of different heavy myosin chain isoforms in the normal and long-term stimulated muscles with the (Termin et al. 1989) . The progressive conversion of muscle type S population in control muscles. These comparisons fiber histochemistry is consistent with biochemical and phys-show that MUs in the stimulated muscles develop the same iological studies at the single-fiber level showing that muscle tetanic forces as the normal type S MU population and are fibers are converted to the S fiber type (Pette and Vrbova almost as fatigue resistant (FR). They are, however, signifi-1992). With time, all muscle fibers acquire the slow pheno-cantly slower: the cumulative sum histograms for TTP and type, as judged histochemically (Table 2 ). Yet, the very half-relaxation times of the twitches of MUs from the stimustrong mATPase staining normally seen in type I fibers after lated muscles were shifted far to the right of the normal type acid preincubation is not seen in the chronically stimulated S MU population (Kolmogorov-Smirnov test, P õ 0.001; muscles. see also Fig. 4 , A and C, in Munson et al. 1997) . Note that the ranges of the three MU parameters in the fully converted Remaining variability in MU properties in converted experimental muscles were the same as those for the normal muscles type S MU population (Fig. 9) . If MU activity were the primary factor determining muscle properties, it might be The full extent of fast-to-slow conversion of MU properties is shown in Fig. 9 , where MU data are collated from expected that all MUs that experience the same synchronous activation should not show the variation typically seen within ment were eliminated by hemisection and unilateral deafferany one MU type. This was not the case, because the range entation of the hindlimb. in the stimulated muscles was the same as and not smaller As shown in Fig. 10 , A -D, chronic stimulation of a than the normal type S MU range for FI, force, TTP, and paralyzed MG muscle at 20 Hz in a 50% duty cycle for half-relaxation values in both the collated data for several ú100 days had a similar effect in decreasing the contracanimals and the data from individual animals.
tile speed and increasing fatigue resistance as in normally active MG muscles. Changes in whole muscle parameters Chronic stimulation in hemisected and deafferented in the hemisected and deafferented cat reflected the inhindlimbs crease in twitch TTP and FI of the MUs, as demonstrated in intact cats. The endurance index and twitch TTP inBecause MG nerves were chronically stimulated in othercreased and muscle force declined with time to a steady wise normal hindlimbs, it is possible that normal activity level within 100 days of 20 Hz-stimulation in a 50% duty during the 2.5-s OFF periods of the 50% duty cycle could cycle ( Fig. 11 ) . These results from one animal, but from account for the remaining heterogeneity in the stimulated a large sample of MUs ( n Å 43 ) , indicate that the heteroMUs. To test for this possibility, the same pattern of stimulation was used in a cat in which voluntary and reflex recruit-geneity within the type S range of the chronically stimu-
08-08-97 12:42:27 neupa LP-Neurophys lated muscles is unlikely to arise from background activity crease in the relative number of FR type S and FR MUs (Table 2 , Fig. 10 ). A loss of FF units in the muscle stimuduring the ''OFF '' periods of the 50% duty cycle in the intact cats.
lated with the 20-Hz/6.3%/3-h pattern was associated with a large increase in the number of F int MUs (45%). Mean In two cats, the daily time of stimulation was reduced from 50% of the day to 5-6.3% by reducing the duty cycle MU FI was higher than expected from the small muscle endurance index in the latter muscle, as in normal MG musto 5% in a block time of 24 h or having a 50% duty cycle in a block time of 3 h (see METHODS ). The data from ú30 cles (cf. Figs. 10 and 11; Figs. 5 and 6C ). The discrepancy arises because of the disproportional contribution of the 50-MUs in each cat were in general accord with whole muscle data of Kernell et al. (1987a,b) . In agreement with the find-60% of FF and F int MUs to the whole muscle fatigue, because of their large contractile forces (which under nonfatiguing ings of Kernell et al. (1987b) that the slowing of chronically stimulated muscle contractions depended on the proportion conditions account for 75% of the cumulative force; Gordon and Mao 1994) and high fatigability. In addition, the slowing of each day that the muscles are active and not the pulse rate of stimulation, there was a small and equal degree of of the relaxation rate is associated with a contracture that may contribute to the underestimation of the fatigue endurslowing of the MUs and the muscles when stimulated for 5-6.3% of each day at 20 and 100 Hz [Figs. 10, E (20 Hz) ance of the whole muscle (see Fig. 4, B and E) . The 5% duty cycle of the daily 24-h stimulation period was associand F (100 Hz), and 11B]. On the other hand, our data for the FIs suggested that the increase in MU FIs and muscle ated with a decline in muscle force for both 20-and 100-Hz stimulation frequencies (Fig. 11C ). endurance depended on both the daily amount of stimulation and the pulse rate (Figs. 10, F and H, and 11A ). These data can be reconciled with previous findings that the daily time Correlation of MU force, MU TTP, and conduction of stimulation and not pulse rate affected muscle fatigue velocity resistance (Kernell et al. 1987a ) because the total number of pulses was 5 times higher at 100 Hz than at 20 Hz in our Normally the continuous range of MU force is directly correlated with conduction velocity and inversely correlated experiments, in contrast to experiments of Kernell et al. (1987a) , in which the number of pulses was the same for with TTP, as shown for a sample of MUs recorded in a control MG muscle in Fig. 12 . When MUs underwent prothe two frequencies. Our data showing that the slowing of twitch TTP depends on total daily activity (more slowing gressive fast-to-slow conversion after chronic low-frequency stimulation and MUs become less forceful and slower, the with 50% than with 5-6.3%) and not pulse rate are in agreement with findings of Eerbeek et al. (1984) in experiments same relationships were maintained. However, the smaller range of values in long-term stimulated muscles reduces the in which the number of pulses was not equalized for the different frequencies.
statistical significance of the correlations. The regression of conduction velocity and tetanic force The increase in fatigue resistance of MUs and whole muscle contractions for all stimulation patterns except the 20-shifted to significantly lower values of conduction velocity and tetanic force without changing the slope of the regression Hz/6.3%/3-h pattern was reflected in the decline in the number of type IIb fibers, the absence of FF MUs, and the in-lines. Thus matching between nerve and muscle is retained J403-6 / 9k11$$my14 08-08-97 12:42:27 neupa LP-Neurophys FIG . 8. Photomicrographs of serial cross-sections of MG muscles from a normal cat and MG muscles chronically stimulated at 20 Hz in a 50% duty cycle for 56 and 76 days (Table 1 , cats 5 and 11). Three fiber types are seen in control muscles: type I (slow oxidative; ଙ), IIa (fast oxidative glycolytic; ᮀ) and IIb (fast glycolytic; ᭺) according to the criteria described in METHODS . After 56 days of stimulation, most of the fibers are type I, with a few type IIa fibers visible. By 76 days of stimulation, all muscle fibers were type 1. Note that, during fast-to-slow conversion of muscle fibers after 56 days of stimulation, there are fibers that demonstrate an abnormal acid-and alkali-labile mATPase and have uniform staining with b-nicotin-amide adenine dinucleotide (NADH) and a-glycerophosphate dehydrogenase.
by changes both in motor nerves and their muscle fibers. cruitment of MUs after muscle reinnervation accounts for rematching of nerve and muscle properties. However, our The significant decline in conduction velocity in the stimulated MUs is seen clearly in Fig. 13 . The change in motoneu-results also show that synchronous activation of all MUs with the same daily electrical stimulation in normal and ron properties is investigated in detail in the companion paper (Munson et al. 1997) .
paralyzed muscles does not make all the MUs the same with respect to their fatigability or contractile speed, as might be expected if MU properties were precisely graded with D I S C U S S I O N neuromuscular activity. Therefore small differences in neuWe have described a complete conversion of a mixed MU romuscular activity are unlikely to explain the continuum of population in cat MG muscle to type S within 80 days of MU properties that is normally characteristic of most skeletal stimulation at 20 Hz in a 50% duty cycle. This pattern of muscles. It is more likely that neuromuscular activity is a stimulation corresponds to the ''high'' activity pattern contributing but not the sole factor that determines the range shown previously to change the muscle properties of the in the properties of MUs and their constituent muscle fibers. fast-twitch cat peroneus longus to resemble a slow-twitch muscle (Eerbeek et al. 1984; Kernell et al. 1987a,b) . Al-Fast-to-slow conversion of MG muscle though the previously reported change was interpreted to reflect a corresponding conversion of MUs to type S, MU Our finding that low-frequency stimulation of cat MG muscles in a 50% duty cycle leads to slowing of the fastconversion had not been demonstrated previously. The results are consistent with the hypotheses outlined in the INTRO-twitch muscle contraction is consistent with the slowing of the cat peroneus longus muscle when the same pattern of DUCTION that 1) daily amount of neuromuscular activity determines MU properties and 2) the presumed order of re-stimulation is used (Eerbeek et al. 1984; J403-6 / 9k11$$my14 08-08-97 12:42:27 neupa LP-Neurophys FIG . 9. MU cumulative sum distributions of (A) FIs, (B) tetanic forces, (C) twitch TTP, and (D) twitch half-relaxation times in chronically stimulated and normal control muscles compared with the distributions for the type S MU population in normal control muscles. Data for the stimulated muscles were collated from 6 muscles in which there was complete type II to I conversion and from 10 nonstimulated normal MG muscles (see Table 2 (B) ; 43.9 { 1.1 ms, 57.5 { 2.3 ms, and 78.7 { 1.4 ms (C); and 37.6 { 1.4 ms, 47.8 { 3.2 ms, and 76.6 { 2.3 ms (D). Values for the stimulated MUs were significantly different from the control values and the same as the control type S MUs for FI and tetanic force. The stimulated muscles were, however, significantly slower than the control type S MU population: TTP and half-relaxation values of the stimulated MUs were significantly longer than those of the control type S MUs (ANOVA: P õ 0.001).
1987a,b). The reduced speed of contraction was accompa-forces was reduced to the range normally seen for the type nied by a decline in twitch and tetanic forces and an increase S MUs in unstimulated MG muscles (Fig. 9) . The restriction in muscle endurance in both muscles. In the present study, of MU forces to the type S range was complete by 56 days implanted electrodes on the nerve to the MG muscle and even though a substantial proportion of the MUs still exhibregular chronic recording of muscle torque before and during ited sag during unfused tetani and the time course of contracthe course of stimulation allowed us to make a detailed tion was in the fast range (see also Rafuse et al. 1997) . analysis of the time course and extent of the changes that Because innervation ratio is unlikely to be changed by has not previously been possible. Under these experimental chronic stimulation, and because the contribution of specific conditions, each animal served as its own control to permit force to the range of MU force is normally small (Totosy muscle conversion to be documented on an animal-to-animal de Zepetnek et al. 1992a) , it is likely that the decline in basis. The most rapid and least variable response to stimula-muscle and MU force is due to the reduced cross-sectional tion was a decline in the force output. Fatigue resistance area of the stimulated muscle fibers (Donselaar et al. 1987 ; increased more slowly, whereas the increase in contraction Pette et al. 1976; Rafuse et al. 1997) . Because force varies time varied most widely between animals and occurred with as the second power of diameter, a twofold decline in mean a longer time course than either force or endurance (Figs. fiber diameter can account for the fourfold reduction in mean 5 and 6).
MU tetanic force. Furthermore, glycogen depletion studies of single MUs after chronic stimulation showed that the FORCE.
The decline in whole muscle twitch and tetanic range of fiber cross-sectional area within MUs was the same forces is well explained by a parallel decline in the average force of the composite MUs; the wide spectrum of MU as the range for all MUs Table 1 ). Mean values for the stimulated muscles (solid arrows) are compared with means for normal control muscles (dotted arrows). MU types are distinguished by different shading. Fast-to-slow conversion only occurred with 50% duty cycles. Duty cycles of 5-6.3% and 50% were both effective in increasing muscle endurance. 1997). Therefore the remaining range in MU force in the muscle fibers by increasing the efficiency of oxygen delivery stimulated muscles corresponds to the range in innervation to the muscle fibers (see also Pette and Vrbova 1992) . ratio of the normal MG muscle.
As shown in Fig. 8 , the intensity of oxidative enzyme histochemistry continued to increase in the 2nd mo of ENDURANCE. In contrast to the rapid decline in muscle and chronic low-frequency stimulation, during which time pro-MU forces, endurance index of the whole muscle and avergressive muscle fiber type II to type I conversion occurs age FI of the constituent MUs increased more slowly to ( Table 2 ). The proportion of muscle fibers that reacted reach slow values (Figs. 5 and 6 ). Muscle endurance begins strongly with NADH increased during the 1st mo of stimulato increase within the first weeks of stimulation (see also tion: most fibers showed higher oxidative reactivity by 50 Hudlicka et al. 1977; Kwong and Vrbova 1981 ; Simoneau days with a characteristic halo of high-intensity staining et al. 1993), when there are detectable increases in the ratio around the perimeter of the muscle fibers that correlates with of oxidative to glycolytic enzyme activities and capillary an increase in the number of mitochondria (Fig. 8 ) (Pette density (Brown et al. 1976; Henriksson et al. 1986; Hudlicka and Vrbova 1992; Pette et al. 1973; Salmons et al. 1978 Salmons et al. ). et al. 1977 Pette et al. 1973 Pette et al. , 1976 Reichmann et al. 1985;  There was a corresponding conversion of FF MUs to FR Simoneau et al. 1993) . The rapid decline in fiber diameter, and type S MUs (Fig. 7 , Tables 1 and 2 ). The increase in which accompanies the decline in muscle and MU forces, may contribute to the increase in oxidative potential of the oxidative potential was accompanied by loss of the high (B) , and isometric tetanic force (C) recorded at regular intervals in 4 deafferented and hemisected cats in which muscles were chronically stimulated with 1 of 4 different stimulation patterns: 20 Hz in a 50% duty cycle over a 24-h period ( ᭡ ), 20 Hz in a 5% duty cycle over a 24-h period (᭺), 20 Hz in a 6.3% duty cycle over a 3-h period per day (q), and 100 Hz in a 5% duty cycle over a 24-h period (). A: endurance index increased exponentially (time constant Å 32 days) for the 20 Hz/ 50% and 100 Hz/5% patterns of stimulation. There was no significant change in endurance for the 20 Hz/5% and 20 Hz/ 6.3% patterns (slope of the regression line, 0.001, was not significantly different from 0). B: TTP (ms) increased for the 20 Hz/ 50% pattern of stimulation [pearson product-moment correlation (RO) Å 0.96 for a 4th-order regression], in contrast to the other stimulation patterns. C: muscle tetanic force, normalized to day 0 of stimulation, declined exponentially with a time constant of 18 days for all stimulation patterns except 20 Hz/6.3% (3 h), where tetanic force remained constant (slope of the linear regression line, 0.002, was not significantly different from 0). MU data were obtained after the completion of the chronic recordings in 3 of the 4 cats (see Fig. 10 ).
glycolytic enzyme reactivity in the former type II fibers (Fig. Even when all MUs experienced the same daily stimulation for ú100 days and there was complete fiber type II 8). Attainment of maximal whole muscle and MU endurance coincided with complete fiber type II to type I conversion to type I conversion, there remained a range in the fatigability of the MUs as measured by FI for the standard Burke in muscles stimulated for ú80 days (Table 2) . fatigue test. This heterogeneity is unlikely to be associated The change in the pattern of muscle contraction during with ongoing neuromuscular activity during the cyclical the Burke fatigue test for the whole muscle (Fig. 4) reflected 2.5-s rest period of the 20-Hz chronic stimulation because the progressive conversion of MUs from FF r F int r FR r a similar range in MU FIs was seen in quiescent muscles S with increased fatigue resistance and reduced force output after spinal hemisection and unilateral deafferentation of the constituent MUs. During the early stages of converwhen the muscles were stimulated with the same lowsion, when there were relatively large numbers of F int units, frequency 50% duty cycle ( Fig. 10 ) . If the amount of the whole muscle fatigue reflects their disproportionate conactivity was reduced by reducing the cycle duration to 5%, tribution to the fall in muscle force and slowing of muscle a range in FI values was also seen. In other words, even contractions during the fatigue test. With time, progressive though the average muscle endurance correlates with decline in the force and increase in endurance resulted in generation of less absolute force during the fatigue test, but amount of daily activity, all MUs that experience the same synchronous activation do not have the same muscle enit is maintained with minimal decrement. durance. All MUs would be expected to be the same if the a single MU in normal (Martin et al. 1988 ) and reinnervated muscles (Sesodia et al. 1993 ). neuromuscular activity resulting from normal recruitment order were uniquely causative in establishing and mainOur findings cannot, however, rule out the possibility that regulation of enzyme activity by one factor such as neurotaining the normal range of MU properties.
Species differences in the basal levels of oxidative and muscular activity is associated with a minimal range rather than a unique value of enzyme activities. In addition, there glycolytic enzymes have been invoked as explanations for the differences in the extent of stimulation-induced changes are multiple sites in muscle that are subject to fatigue.
The sites include the membrane, Ca 2/ release and uptake in oxidative-glycolytic enzyme activities in different animals (Simoneau and Pette 1988) . A similar argument can be from intracellular stores, and the cross-bridges themselves (Gandevia et al. 1995) . Many of these sites are subject to made to account for a remaining range in fatigability of stimulated MUs, i.e., that high neuromuscular activity upreg-change after chronic stimulation, for example Ca 2/ release and uptake (Pette and Vrbova 1992) . However, incomplete ulates metabolic enzymes from different basal levels in type I, IIa, and IIb muscle fibers. This line of reasoning is more and/or different magnitudes of change at the different sites might conceivably explain the remaining heterogeneity in consistent with a role of the nerve and neuromuscular activity in modulating rather than determining muscle endurance. the fatigability of the MUs. However, strictly speaking, if muscle endurance were totally controlled by neuromuscular Similar arguments explain the higher-than-expected variance in metabolic enzyme activities in muscle fibers belonging to activity and adult muscles displayed complete plasticity, the J403-6 / 9k11$$my14 08-08-97 12:42:27 neupa LP-Neurophys FOEHRING, R. C., SYPERT, G. W., AND MUNSON, J. B. Properties of selfby Gordon and Pattullo 1993 The effects of chronic stimulation on the matching properNew York: Plenum, 1995. ties are analyzed and discussed in the companion paper GOODWIN, G. M., MCCLOSKEY, D. I., AND MATHEWS, P. B. C. The contribution of muscle afferents to kinaesthesia shown by vibration-induced illus- (Munson et al. 1997 ) following the observations that chronic tions of movements and by the effects of paralyzing joint afferents. Brain stimulation leads to changes in conduction velocity toward 95: 406-410, 1972. type S motoneurons (Fig. 13) in conjunction with fast-to-GORDON, T. Fatigue in adapted systems. Overuse and underuse paradigms. slow conversion of muscle units and type II to type I conver-
